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great deal of speculation amongst animal keepers as to issues such as whether a mixed diet 23 is better than an invariant one, but little research is available to inform this question. In this 24 study, we investigate the impact of mixed versus invariant diets on growth and behavior in 25 the axolotl (Ambystoma mexicanum), an aquatic amphibian of severe conservation concern 26 that is frequently maintained in captive collections. We then use our results to provide advice 27 on feeding management in the context of improved welfare. We maintained juvenile axolotls 28 under one of three 'diets' (feeding regimes): bloodworm (invariant), Daphnia (invariant), and 29
alternating these two prey items between feeds (mixed). Morphological and behavioral data 30
were collected over a period of 15 weeks and analyzed using generalized linear mixed 31 models to determine whether our feeding treatments influenced growth and behavior. We 32 find that axolotls grew fastest on our bloodworm diet and slowest on our Daphnia diet, with a 33 mixed feeding regime leading to intermediate growth rates. Diet treatment did not 34 significantly influence our measured behaviors, but feeding and locomotion events were 35 more frequent (and resting less frequent) on feeding days than non-feeding days. These 36 data suggest that providing a mixed diet is not necessarily beneficial to either growth or 37 welfare of captive animals. In the case of axolotls, an invariant diet of bloodworm should 38 increase growth rates but the diet (mixed versus invariant) does not influence behavior. 39
Overall, our results suggest that mixed diets in themselves may not be beneficial to the 40 growth or welfare of axolotls as compared to a high-quality invariant diet. 41
Introduction

M A N U S C R I P T A C C E P T E D
Studies of diets and feeding regimes are important to promote good nutrition in captive 46
animals by allowing an evidence-based husbandry approach. Adequate nutrition is 47 M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
behavior of captive animals, and so assertions of increased welfare are generally examples 73 of folklore husbandry (Arbuckle, 2013 or multiple aphid species fed to insect predators improved the development or survival of the 75 predators, and in fact found that mixed diets were inferior to a good single prey species. 76
Borg and Toft (2000) used a gradient of mixed diets (aphids and grasshoppers) from 0% to 77 45% aphids plus a 'free choice' condition to feed grey partridge chicks. Their study was 78 designed to test optimal foraging predictions with regard to diet choice, but the data 79 suggested that a small amount of aphids in the diet was much better than a high proportion 80 of aphids and slightly better than no aphids (an invariant diet of grasshoppers) in terms of 81 growth. This suggests that there may be a slight benefit to mixed diets for some species, 82
although Borg and Toft (2000) did not explicitly test this question. Given the conflicting 83 evidence between studies on different animal groups, it is notable that no research is yet 84 available on many groups commonly maintained in captivity, such as amphibians. have ranged from habitat restoration to reintroductions, and axolotls have been used as a 91 flagship species due to their status as a charismatic species that may engage members of 92 the public to support their conservation (Simberloff, 1998; Caro and O'Doherty, 1999) . 93
However, populations have continued to decline to the extent that they may be extinct in the 94 wild and the species may be heavily reliant on the captive population to ensure its survival. Nutrition is an important facet of husbandry for these aims (Oftedal and Allen, 1996) . 101
We fed axolotls on diets consisting of either one of two prey species (bloodworm or 102 Daphnia) or a mixed diet consisting of both prey types to investigate whether a mixed diet 103 was beneficial. We measured both morphology and behavior to assess the effect of diet on 104 growth, development, and welfare (using behavior as a proxy). We predicted that, if mixed 105 diets are beneficial, axolotls in this experimental treatment would grow faster, reach a larger 106 size, and exhibit more activity such as locomotion than axolotls fed either invariant diet. 107
108
Materials and Methods 109
Study animals and general husbandry 110 111
We acquired 24 axolotls from a local breeder. All individuals were siblings and hatched in 112
April 2013. Axolotls were randomly (using a random number generator) assigned to one of 113 six separate and identical tanks, ensuring only that each tank was assigned four individuals. 114
Dechlorinated water, a filter, shelters for hiding (in the form of a perforated building brick), 115
and an aerating stone were provided in each tank. Cleaning was carried out once per week, 116
including an approximately one-third water change. Axolotls were housed in a laboratory 117 setting at Liverpool John Moores University. 118
All axolotls were left to acclimate for one week before the experiments, during which 119 time they were fed on a mixed diet of two frozen/thawed prey species: bloodworm and 120
Daphnia. These two prey species are commonly used for captive axolotls and therefore 121 maintain the realism and applicability of our experiments to a practical setting. Thereafter, for 122 the 15 week duration of the experiment, two tanks each were assigned to one of three 123 separate diets: two invariant diets (bloodworm only or Daphnia only) and a mixed dietM A N U S C R I P T
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Page 6 of 22 were fed three times per week (Monday, Wednesday, and Friday). Total quantity of food was 126 increased over the course of the experiment to account for increasing size of the animals 127 (initially 1.5g, increasing by 0.25g every two weeks until a maximum of 2.5g per tank), but 128 food quantities were identical across diet treatments. 129
We used digital photographs of natural tail markings to identify individual axolotls, a 130 common, non-invasive, and reliable method for amphibians (Caorsi et al., 2012). We first 131 verified that we could accurately identify each individual from these photographs and then, in 132 order to ensure that reliability did not decline with growth, they were regularly updated during 133 the course of our experiment. 134
135
Morphological data 136 137
Body mass (g) was measured once per week by placing each axolotl in a petri dish and 138 using a laboratory balance with an accuracy of 0.01g. Each measurement was taken three 139 times and the mean was recorded as our measure of body mass. 140
Snout-vent length (cm), torso width (cm) and head width (cm) were recorded each 141 week using digital photographs taken from above. A tripod was used to standardize the 142 distance and angle between the camera and axolotl. These photographs included a sheet of 143 graph paper to enable us to calibrate the scale and our three measures were calculated 144 using ImageJ version 1.41 (Rasband, 1997 (Rasband, -2014 . 145
146
Behavioral data 147 148
Behavioral observations were made using instantaneous sampling (sensu Altmann, 1974) of 149 each individual at 10 second intervals for one minute (including time 0, giving 7 observationsM A N U S C R I P T
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Page 7 of 22 per individual per sampling period). Sampling of every individual was conducted on two days 151 each week: one on a feeding day ('food present'), and one on a non-feeding day ('food 152 absent'). On feeding days, observations were made five-ten minutes after introducing food to 153 the tank. Prior to the start of the experiment pilot observations were made to assess which 154 behaviors were performed by the axolotls, and these were used to create an ethogram 155 (Table 1 ). Of these behaviors (feeding, locomotion, resting, spitting, and time out), spitting 156 was too rare to allow meaningful analysis and time out was of limited value to interpretation. 157
Therefore analyses of behavioral data were conducted on the other behaviors separately as 158 the proportion of samples in which they were recorded in each observation period. Because 159 the axolotls could not be observed during time out behavior (by definition, see Table 1 ), 160
these were excluded such that the proportions were calculated based on samples when the 161 individual was visible. We should also clarify that despite our terminology of 'food present' 162 versus 'food absent', feeding was possible even on non-feeding days as some food was 163 typically left over from the previous feeding day. Nevertheless, there was usually little food 164 left over and this was often partially decomposed, so although possible, feeding 165 opportunities were far more limited on non-feeding compared to feeding days. 166
167
Data analysis 168 169
In order to control for individual differences in growth and behavior, all analyses were 170 conducted using generalized linear mixed models (GLMMs) performed in the lme4 package 171 The final, or 'best', model was selected using stepwise model selection wherein the simpler 174 model at each stage was accepted if it did not provide a significantly poorer fit to the data 175 based on analysis of deviance (a standard means of comparing nested models, see Thomas 
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Morphological variables were modelled with a Gaussian error structure, and residuals 178 of all models were visualized to check for normality. GLMMs were fit for each response 179 variable (body mass, snout-vent length, torso width and head width) using diet treatment, 180
Results
190
All of our morphological variables showed the same structure in our best models (Table 2) . 191
There was a significant interaction between growth (body size as a function of time) and diet, 192 such that axolotls fed an invariant bloodworm diet grew significantly faster than those on a 193 mixed diet, which in turn grew significantly faster than those fed an invariant Daphnia diet 194 (Table 2 ; Figure 1 ). The effect of diet treatment on growth was slightly less pronounced in 195 torso width compared to body mass, snout-vent length, and head width (Figure 1 ), but 196 significant in all cases (Table 2) . 197
In contrast, only the 'presence of food' (feeding versus non-feeding days) influenced 198 our behavior traits according to our best models (Table 3) . During feeding days, axolotls 199 exhibited more feeding and locomotion behavior and less resting behavior compared to non-200 feeding days (Figure 2 ). The particular diet treatment had no significant effect on behavior 201
and we did not find that behavior changed over the course of our experiment. 202 M A N U S C R I P T
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Discussion 204
This study aimed to assess whether mixed diets are inherently better than invariant diets for 205 the welfare of captive animals, as is often assumed. We looked for the influence of feeding 206 regime on growth (in four morphological traits: body mass, snout-vent length, torso width, 207 and head width) and behavior in axolotls. We found that bloodworm-only diets produced 208 higher growth rates than a mixed diet (or a Daphnia-only diet), and that these three 209 treatments had no influence on the behaviors recorded herein. Because increased activity 210 and other such behavior is frequently used as a proxy for welfare and successful enrichment 211 The higher growth rates in bloodworm-fed axolotls compared to those fed mixed or 214
Daphnia diets is likely due to the higher protein and fat content of bloodworm versus 215
Daphnia (5% versus 2.4% protein, 1% versus 0.7% fat). Therefore the additional nutritional 216 resources available from bloodworm confer the ability to grow quicker than when fed 217
Daphnia, or in a mixed diet where the nutrient content of bloodworm is 'diluted' with that of 218 Daphnia. Since the two prey species in the mixed diet differ in nutrient composition, it is 219 possible that the impacts on growth in this study are a result of lower nutrition and not that 220 the diet was mixed per se. However, in practice, a mixed diet rarely consists of nutritionally-221 matched prey, and so a claim that mixed diets are better must stand up to differences in 222 nutritional quality between prey items. Since the prey items we chose are commonly used in 223 axolotl husbandry, our experiments assess such claims in a realistic way that is applicable to 224 actual captive care regimes. Nevertheless, we acknowledge that a similar experiment with 225 prey items matched for nutritional value would provide further insights into the perceived 226 benefit of mixed diets. 
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it is possible that differences in nutrient composition amongst plant or fungal species are 231 greater than that amongst animal species due to differential micronutrient uptake of primary 232 producers. If this is the case then we might expect herbivores to react differently to mixed 233 diets than carnivores. Indeed, amongst captive exotic animals, many carnivores are typically 234 considered to do well on a single prey item, whereas herbivores may be more likely to have 235 problems such as refusal to feed on such diets (Funk, 2006; Arbuckle, 2010) . In any case, 236 axolotls appear to have higher growth rates when fed on a nutritionally-rich (rather than a 237 varied) diet. Since feeding behaviors did not show a decrease with time (Table 3) , we also 238 present evidence that axolotls do not refuse to feed when fed an invariant diet, at least over 239 a 15 week period, arguing against the type of issues noted in some other species (Funk, 240
2006). 241
Although our finding of increased activity (both feeding and locomotion) and 242 decreased resting when food is present is unsurprising, we failed to find any effect of diet 243 treatment on behavior. We initially predicted that a mixed diet may be enriching and provide 244 benefits to welfare as manifest through an increased activity, either via motivation effects of 245 higher quality diets conferred higher resistance to the pathogenic chytrid fungus. 261
Consequently, the influence of a mixed diet on aspects of health and welfare other than 262 those considered here remain unknown in axolotls, although our study still provides 263 evidence from a morphological/developmental and behavioral perspective. 264
We would also like to stress that we are not recommending an overly general 265 interpretation of our results to say that invariant diets are beneficial for captive animals as a 266 whole. Different species are likely to respond in different ways to diet variability and the 267 nutrient content of captive diets is also likely to vary between classes of food items (e.g. 268
herbivorous versus carnivorous diets, vertebrate versus invertebrate feeders). Nevertheless, 269
we show that mixed diets have no descernable impact on behavior of axolotls and result in a 270 slower growth rate than a bloodworm-only diet. For this common laboratory and pet species, 271 and perhaps other amphibians or aquatic carnivores, is seems that an invariant but good 272 quality diet is a better option. At the very least, our results highlight that the dogma of mixed 273 diets being best is not universally true. husbandry regimes and potentially allows us to achieve better success in captive breeding, 278 increase welfare standards, and perhaps reduce time and financial costs (Arbuckle, 2013) . 279
Furthermore, in the case of the axolotl, which is not only commonly held in captivity but also 280 threatened in the wild, amassing evidence to inform husbandry can improve conservation 281
programmes. This is particularly important considering the recognized importance of ex situ 282 approaches to amphibian conservation (Griffiths and Pavajeau, 2008), for which good quality 283 husbandry conditions are vital to the success of any strategy.
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285
Conclusions 286
We found no advantage to a mixed diet over a high quality single-prey-species diet for the 287 growth or behavior of axolotls. Diet variability had no influence on behavior and, in the case 288 of growth, bloodworm-only diets performed significantly better than a mixed diet. We suggest 289 that for this species, and possibly other amphibians or aquatic carnivores, a good-quality 290 invariant diet is a better strategy than a mixed diet. More generally, this paper adds to the 291 growing literature aimed at providing a platform for evidence-based husbandry (sensu 292
Arbuckle, 2013). Continued research in this vein is required if we are to promote good 293 captive management practices, improve welfare standards, and inform conservation efforts 294 for amphibians and other species. 295
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• Morphometric and behavioural measurements over time were recorded.
• Axolotls grew best on an invariant bloodworm diet.
• Bloodworm-fed animals were more active than others, though a mixed diet may temporarily increase activity.
• Despite common perceptions, mixed diets do not necessarily provide improved welfare compared to invariant diets.
